Abstract-Multilayer electroactive polymer films actuate a small hand-held device to display tool tip forces during MR-guided interventions. The display produces localized skin stretch at the tips of the index finger and thumb. Tests confirm that the device does not significantly affect MR imaging and produces detectable stimuli in response to forces measured by a biopsy needle instrumented with fiber Bragg grating sensors. Tests with human subjects explored robotic and teleoperated paradigms to detect when the needle contacted a silicone membrane. The membrane was embedded in a tissue phantom that approximated the properties of porcine liver. In the robotic paradigm, naive users detected membranes with a 98.9 percent success rate as the needle was driven at fixed speed. In the teleoperated paradigm, users with experience in needle-based procedures controlled the needle insertion and detected membranes embedded in tissue phantoms with a 98.1 percent success rate; some experienced users detected membranes with very light contact forces, but there was greater subject-to-subject variation.
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INTRODUCTION
M AGNETIC resonance (MR) imaging has grown rapidly in popularity as a diagnostic tool, with an attendant interest in performing MR-guided procedures such as biopsy, cryotherapy, and brachytherapy [1] , [2] . However, the narrow MR bore severely restricts patient access and manipulation space, requiring repeated removal and repositioning of patients during procedures. This prevents live imaging while operating and introduces patient shifting between scans, making image analysis difficult [1] , [3] . To overcome these problems researchers have proposed robotic and teleoperated systems [4] , [5] , [6] , [7] , [8] , [9] . However, the majority of these systems isolate the physician from the tactile sensations of operating, such as inserting a needle through tissue of varying properties or puncturing a membrane.
One approach to restore haptic feedback is to create active or passive teleoperated systems that transmit forces from the tool tip to the operator [3] , [10] , [11] . A challenge in designing such systems is that any inertia, compliance, or friction will mask interaction forces. An additional challenge arises from the need to use MR-compatible materials and technologies. For example, the magnetic field precludes ferrous materials, and the apparatus must isolate and shield electronics with significant electrical currents [12] , [13] .
A low-power MR-compatible haptic display can address these difficulties by relaying tool-tip forces from contact with the patient to the fingertips of the operating physician ( Fig. 1) . In this paper we expand on results reported in [14] involving a biopsy needle instrumented with optical fibers to measure forces and a display using electroactive polymer (EAP) actuators to provide skin-stretch feedback at the fingertips. The current paper includes new test results to confirm MR-compatibility, a new human subject experiment, and a modified control approach to improve the lifetime of the actuators.
In the following sections we first review related prior work and then present the design and characterization of the EAP haptic display, including MR-compatibility testing. We then report on two experiments with human subjects. The first experiment explores detection of a membrane with the needle driven at fixed speed under computer control, providing a consistent force profile. The second experiment tests the device when the insertion speed is under direct human control, and accordingly varies. This condition would be expected in a teleoperated intervention. We conclude with a discussion of the user study results and recommendations for further work.
the haptic feedback, a number of researchers present methods for reading forces on needles or catheters, some of which are MR-compatible [21] , [22] , [23] , [24] , [25] . Haptic feedback displays, like all systems used for MR-guided procedures, must use compatible materials and actuation technologies.
Various methods of actuation are possible for display. Ultrasonic piezoelectric motors can be designed with nonferromagnetic materials and low electric currents, which allow them to be MR-compatible [26] , [27] , [28] . However, they are inherently best suited as position-display devices as they are not backdrivable. Electrostatic motors are another admittance-type option [29] . Additional possibilities include pneumatic or cable-driven systems [4] , [12] , [30] , [31] , although these systems inevitably introduce some compliance and friction, especially if interaction forces must be transmitted through the entire system from slave to master. If electromagnetic motors are used, they require extensive shielding, even if located some distance from the bore [12] . Reviews on various MR-compatible actuators are available in [32] , [33] .
EAPs are lightweight, compliant, back-drivable and inherently MR-compatible with no metallic components and electrical currents on the order of microamps. Although they are compliant, they are more compact and light-weight than pneumatic and cable-driven solutions. This compliance does not substantially affect the overall dynamics of a robotic or teleoperated system if they are used only as small cutaneous displays at the user's fingertips. Other researchers have used EAPs for various haptic display applications including braille and wearable haptic interfaces [34] , [35] .
Additionally, EAPs have demonstrated feasibility for applications requiring MR-compatibility [36] , [37] , [38] . As actuators, EAPs have interesting properties in between those of ultrasonic motors and voice coil actuators: they are neither primarily displacement nor force sources. Rather, they are viscoelastic springs with varying force and stiffness as a function of the applied voltage. They can be matched to the requirements of a fingertip skin deformation display, which requires modest forces and moderate frequencies.
The system reported here involves skin deformation. Skin stretch and skin deformation displays are increasingly popular haptic modalities combining the ability to display direction and magnitude for both transient and sustained forces [39] , [40] , [41] , [42] , [43] . In the present case, we are interested in imparting lateral skin deformation at the tips of the index finger and thumb because these are the primary digits used in needle grasping.
EAP HAPTIC DEVICE DESIGN
As noted in Sections 1 and 2, EAP actuators are good potential candidates for an MR-compatible skin deformation display. In this section we describe the design and fabrication of the EAP display used here.
EAP Mechanism
EAPs are dielectric elastomers covered with stretchable electrodes on the top and bottom surfaces. When a voltage is applied between the electrodes, the induced Maxwell stress squeezes the dielectric elastomer, which subsequently expands in the planar directions. The Maxwell stress can be represented as [44] :
where 0 is the vacuum permittivity, r is the relative permittivity, E is the applied electric field, V is the applied voltage, and t is the thickness. In the present case, the elastomer is stretched over acrylic frames and approximately half of its area is covered with electrodes. The electrodes expand only in the þx direction because the frames prevent motion in the y direction. The amount of motion in x is determined by the prestretch ratio ( 1 by 2 ) of the film, as described in [14] . Fig. 2A shows the EAP unpowered and Fig. 2B shows it actuated at 5.75 kV.
EAP Design and Fabrication
As with other EAP devices in the literature, we use 3M VHB 4910 acrylic film as the dielectric elastomer. It is first prestretched to 400 percent by 375 percent in the 1 and 2 directions respectively, as indicated in Fig. 2B . As described in our previous paper [14] , this prestretch ratio involves a tradeoff between displacement in the x direction and maximum force. The film and frame dimensions are 35 x 55 mm by 2.5 mm thick, including electrodes. Masking patterns for the electrodes are laser-cut and placed on the stretched elastomer. Next, a thin layer of electrode is applied with a squeegee to the acrylic film. The electrodes are made with a mixture of soft silicone rubber (Smooth-On Inc., Dragon Skin 10 Fast), carbon particles (FuelCellStore, Vulcan XC 72R), and toluene, mixed with a weight ratio of 9:1:26, respectively, following an approach described in [45] . Connections to the electrodes are made with soft, conductive fiber tape. The area of the elastomer was monitored during stretching to maintain a consistent and uniform prestretch. However, there is inevitably some variability between samples because the fabrication was done by hand. Each EAP layer's performance differed by up to 5 percent.
Device Layout
The primary design requirements are that the device be lightweight, compact, and able to produce displacements ranging from 0.05 -1 mm and forces from 0.1 -2 N, values shown to be appropriate for lateral skin stretch [39] . We stack six layers of EAPs to achieve the desired force levels, giving a maximum of 1.6 N at 5.5 kV when motion is blocked. We use sand paper as the tactor covering to provide adequate friction with the finger pads and minimize slipping. The tactor is slightly recessed with respect to the surface of the device; this configuration grounds the skin at the periphery of the tactor window, a desirable property to maximize the skin deformation felt [46] .
A modular design allows easy scaling of force as well as convenient repair of individual EAP layers. An insulating film is placed between EAP layers to prevent arcing between electrodes. An exploded view, dimensions, and weight of the device are shown in Fig. 3 .
EAP HAPTIC DEVICE CHARACTERIZATION
Tests were conducted to measure the force and displacement properties of the display as a function of applied voltage for a single EAP layer and for the multi-stack device described in Section 3.
Testing Setups
EAP force and displacement characterizations were performed with two setups: a muscle lever actuator (Aurora Scientific, 309C), and a load cell (ATI Gamma), as shown in Fig. 4 . Mathworks Simulink was used to control the voltage output of a benchtop high voltage supply (TREK, 610B). To track the displacement, we recorded video of the EAP with a machinist's ruler in the video frame for reference. Four to five trials were undertaken in each case. The noise of the ATI is AE 0.03 N and for the muscle lever is AE 0.01 N. The displacement measurement resolution is 0.1 mm.
Performance with a Spring
To estimate the performance of the EAP when the tactor is in contact with a user's fingertip, a coil spring was connected to the EAP as shown in Fig. 4B . Its stiffness is 1.2 N/mm, which is similar to that of a lightly loaded human fingerpad in the proximal-distal direction [39] .
Although it is common to report the blocking force (zerodisplacement force) and free (unloaded) displacement of EAP actuators, we are primarily interested in the performance when connected to a load having approximately the stiffness of a human fingerpad. The blocked force and freemotion results of the display are reported in [14] . Fig. 5 shows the force-displacement performance for one, three and six layers of EAP film in the haptic device, connected to a 1.2 N/mm spring, at voltages from 0 to 5.75 kV. The voltage was reset to zero prior to each displacement test. 
Force-Displacement Relationship
Although performance with a spring is a reasonable baseline, human fingerpad stiffness can vary considerably, in part as a function of gripping force [47] . To address this issue it is useful to measure the force-displacement behavior at a given voltage.
The force-displacement relationship for several voltages was found using a muscle lever as illustrated in Fig. 4A . First, to eliminate the viscous behavior of the EAP, it was charged for four seconds while held in place with the muscle lever at its undeflected position, as in Fig. 2A . The lever displacement then increased in increments of 0.1 or 0.2 mm, allowing the electrodes to expand. The corresponding force was measured at each position, resulting in the curves shown in Fig. 6 .
To interpret the data in Fig. 6 it is useful to consider two different users. In this example, user (A) has a stiffer fingerpad than (B). This could be due to inherent properties like stiffness of the skin as well as controllable factors like tightness of the grip [47] . The EAP actuator and the fingertip skin will move together, with the same displacement. The equilibrium point, where they come to rest, occurs when the forces are also equal-i.e., where the ascending (dashed) and descending (solid) lines intersect. Thus we see that user (A) will experience less displacement but a higher force than (B) for the same voltage. In summary, the perception of the stimulus depends on both force and displacement and we can estimate the force and displacement that a user experiences depending on their skin stiffness from Fig. 6 . While the user studies presented in this paper do not have controllers that take individual skin stiffness into account, the variance of the absolute threshold test results (Section 7.1) provides enough information to create a haptic signal that is easily perceivable. Fully integrating the characterization results of Fig. 6 into a subject-specific closed-loop controller is a promising area of future work.
MR-COMPATIBILITY TESTS
To use the haptic display for a robotic or teleoperated needle intervention under MR guidance, it is important to establish MR-compatibility. The standard requirements for MR-compatibility are (i) that the device should be safe to use in the high magnetic field and radio frequency waves from an MRI scanner, (ii) that the performance of the device should not significantly be affected by the MR field, and (iii) that the device should not reduce the quality of MR images. As the haptic device has no ferromagnetic materials and currents on the order of mA, it fulfills the requirement of safety in the MR environment. We also anticipate that it satisfies the remaining two requirements; to confirm this, we performed tests described in Sections 5.1 and 5.2.
The haptic device is designed to be part of a teleoperation system and thus placed outside of the MR bore. However, we also examined the more demanding case where a device is placed near the head coil for fMRI and we used the fMRI imaging sequence, which is more sensitive to disturbances in the magnetic field.
We also modified the high voltage (HV) circuit with respect to that used in [14] to reduce interference and improve the life expectancy of the EAP films. The modified circuit shown in Fig. 7 consolidates two optocoupler lines for compatibility with an existing data acquisition system in the MR facility and adds an inductor and capacitor to reduce noise. It also uses a miniature amplifier with low radio-frequency (RF) interference and a regulated current output. The small regulated HV DC to DC converter (EMCO X60, size 28 x 66 x 13 mm) amplifies an input signal ranging from 0 -5 V, producing an output voltage from 0 -6 kV. To actuate the device, the output of the converter is held at a constant high voltage and the optocouplers are used to charge and discharge the EAP devices. Two transistors turn the optocouplers on and off in accordance with a control line from the computer. A 1000:1 high voltage differential probe (Keysight Technologies Inc., N2891A) was used for testing the circuit. The DC power supply for the HV control circuit and computer were located outside the MR room. Wiring was passed through a standard filtered connector to the MR room to minimize RF noise from the computer and electrical system.
Effect of MR Field on Haptic Device Performance
To test the effect of the MR field on the performance of the device, the free displacement and the displacement when connected to a nonmagnetic spring of stiffness 1.37 N/mm were compared for conditions outside the MR room versus next to the head coil for a 3 T magnetic field (GE MR 750, Lucas center for imaging, Stanford).
The test results are shown in Fig. 8 and a Welch's t-test shows that there is no significant difference in free displacement (p-value: 0.08) or spring deflection (p-value: 0.6) when the EAP device is inside the MR bore and when it is outside of the MR room. Therefore, there is no significant effect of the high magnetic field.
To test performance, we first compare the force to that from Section 4.3. When the device was placed in series with a spring (1.37 N/mm), the EAP force was 0.69 N inside the MR bore and 0.72 N outside the MR room at 4.8 kV (derived from Since the force and displacement test results do not differ significantly when the device is inside the MR bore and outside the MR room, and fall in the range predicted from Section 4.3, we can conclude that the performance of the haptic device was not significantly affected by the MR field.
Imaging Effects from Haptic Device
In this subsection we report on two test results of the imaging effects of the device and its miniature HV circuit in several configurations:
A Baseline (everything off): miniature HV circuit and device inside the MRI room, 3 m away from the MR bore. B Located near an fMRI head coil (everything off): circuit located 3 m from bore, device located 14 cm from isocenter of the scanner.
C HV circuit powered but no voltage sent to device; locations as in case B. D 3 kV square wave (50 percent duty cycle at 0.5 Hz) applied to device; locations as in case B. E 4.8 kV square wave (50 percent duty cycle at 0.5 Hz) applied to device; locations as in case B. The first test analyzed the temporal signal/noise ratio (tSNR) for each of the cases (A-E). A 3 T GE MR 750 system and 8-channel head coil were again used to collect test data. The imaging target was a 175 mm diameter spherical agar phantom. An fMRI spiral-in/out imaging sequence was used with TR/TE/FA = 2000 ms/30 ms/90 deg and 3.43 x 3.43 x 0.4 mm voxel size. For the 3 T MR machine, the magnetic field strength falls below 10 Gauss (= 0.10 mT) at a distance of 3 m from the iso-center. The device was checked under both a very weak and a strong magnetic field (3 T) at a distance of 14 cm from the iso-center (the distance from the iso-center to the end of the head coil). The results summarized in Table 1 show that there is not a significant decrease in tSNR when the device is activated.
The second test was performed using three plane images of the localizer scan and a Fast Gradient-recalled Echo imagine method with 31 kHz bandwidth. From the anatomic images acquired from the localizer scans of the phantom (Fig. 9) we observe that the standard deviation (SD) of background noise in the region of interest (ROI) is nearly the same for the baseline (case A) and when the EAP device was actuated with a 4.8 kV square wave (case E).
From the test results summarized in Table 1 and Fig. 9 , we can conclude that there is not significant noise from operating in the MR field and that only minor image distortion was introduced by the haptic device.
EXPERIMENTAL SYSTEM SETUP
In this section, we describe the components of the user experiment setup. The apparatus combines a force sensing needle, a computer controlled linear stage, the haptic display, and tissue phantoms. Fig. 10 shows the single-axis needle insertion system for the two user studies (robotic and teleoperated). The system consists of a passive linear rail (master side) that supports the haptic feedback device and a powered linear stage (slave side) operated under servo control by a microcontroller. The master side is instrumented with an encoder to capture motions imparted by the user and the slave side is equipped with a force sensing needle.
Force-Sensing Needle
A force-sensing needle, described in [23] , provides force information for haptic display. It consists of an outer cannula (sheath) and an inner stylet that has three micromachined grooves, each containing an 80 mm diameter optical fiber with four 3 mm long fiber Bragg gratings (FBGs) (DTG-LBL-1550 80 mm FBGS International, Belgium) as shown in Fig. 11 . The needle has a sharp trocar-tipped stylet and a blunt end tip cannula. The 18-gage needle is 15 cm long and the outer diameter of the cannula is 1.2 mm. Fig. 12 shows typical force calibration data. The force resolution and the accuracy (RMS error) for these experiments was approximately 10 mN and 12 mN respectively after low-pass filtering (25 point moving average filter). Although friction acts along the entire outer cannula, the inner stylet is responsive primarily to forces at its exposed tip. For the user tests, C++ code runs at 1 kHz on a Linux computer to convert changes in optical wavelengths measured by the optical interrogator (Micron Optics, SM-130) to calibrated needle forces.
Tactile Feedback Rendering
After the FBG sensors are read and converted to force values and filtered, the corresponding voltage is computed for the high voltage amplifier in order to actuate the haptic display. Several strategies were used to minimize the effects of testing setup noise and slow EAP discharging.
Minimum Force Threshold. The force signals contain some noise due to inertial forces, friction between the needle tip and tissue, and temperature effects. Based on pilot force sensing, a threshold of 0.09 N (corresponding to 1.4 V input to the HV supply) is set for cleaner force rendering. As seen in Fig. 13 , when the measured force is below this threshold, the HV amplifier input is fixed at 0.5 V, corresponding to the amplifier threshold voltage.
Discharging. Due to slow discharging of the EAPs, residual charge builds up if discharging is ended immediately after a sensed force spike. To prevent this, we program the HV amplifier to continually remain in discharging mode until the next force spike begins. This allows the EAP more time to fully discharge, ensuring greater fidelity to the force signal as shown in [14] .
Maximum Voltage. To prolong the life of the EAPs, the input voltage to the amplifier was capped at 3.3 V, corresponding to 4.5 kV output and % 0:6 N force produced by the haptic device for a user with a fingertip stiffness of 1.2 N/mm.
Needle Insertion System
The master and slave sides of the needle insertion system are mechanically isolated and coupled by an electronic control system. The slave system is a single-axis linear stage (MAXY4009W2-S4-0, Velmex Inc.) that supports the needle as it is driven into a tissue phantom under position control (Fig. 14B) . The positioning accuracy of the motor control loop is approximately 60 mm with speeds of up to 11 mm/s. Fig. 10 . System schematic block diagram for both robotic and teleoperated membrane puncture test setups. The robotic insertion case has a button to stop the insertion. While the linear stage automatically inserts the needle with constant speed (6 mm/s), in the teleoperated case the user manually controls the insertion speed. Fig. 11 . Configuration of the force-sensing needle and sensor locations. In the robotic paradigm, the slave side inserts the needle automatically at a constant speed regardless of the position of the master side, and the user stops the motion by pressing a button. In the teleoperated test, the slave side follows the master side's position, and is thus directly controlled by the user. This single-axis needle insertion system is a proxy for an eventual MR-compatible robotic or teleoperated system.
Tissue Phantom with Embedded Membrane
The tissue phantom material for both the robotic and teleoperated user studies was the same; however, the membrane type and location differed. Tissue phantoms were made of gelatin (Knox Unflavored Gelatin) with a ratio of gelatin powder to water of 1:4. The stiffness of the gelatin was 8.3 kPa, which is in the range of the Young's modulus for normal and fibrotic liver [48] . The membrane used for the robotic user study has a 1.01 N (SD = 0.01 N) puncture force required to penetrate the plastic film membrane, 12.5 mm thick. A membrane was located at a different depth from the top surface: 3 cm, 6 cm, or 8 cm for each of 3 phantoms. The phantoms were used 6 times each in random order, resulting in 18 insertion tests. Phantoms were covered with a curtain to prevent participants from receiving visual feedback.
In the teleoperated study, the membrane consisted of a wipe (Kimwipes) coated with a layer of silicone (Dragon Skin Fx-Pro) with a total thickness of 0.6 mm [3] , [49] . The thickness and material were determined empirically, by comparison to the puncture force of an ex-vivo porcine liver outer membrane, which is approximately 0.17 N (SD = 0.06 N) with a constant insertion speed of 6 mm/s. The ex-vivo porcine liver outer membrane was separated from the rest of the liver tissue using a sharp razor blade. To measure the puncture force, both the artificial and porcine membranes were mounted in a rectangular frame and punctured using the instrumented needle described in Section 6.1. Fig. 15 shows similar peak amplitudes for the two membranes. The phantoms were 8 x 8 cm in cross-section and 7 cm in depth, allowing multiple needle insertions. Membrane puncture forces measured were similar for multiple punctures across the area as long as the gap between insertions was larger than 5 mm. In each phantom a membrane was embedded at 2.5 cm from the top surface, as seen in Fig. 14C .
USER STUDIES
To help in interpreting the subsequent user tests, we begin with a brief summary of psychophysical test results from a previous paper [14] . All user experiments were conducted under Stanford University IRB protocol 26526.
Absolute Displacement Threshold Test
Twelve test subjects (10 male, 2 female, age range: 23-33 years old, mean age: 26.1 years old), all without medical experience in manipulating needles, were recruited for the first experiment. We trained the subjects to maintain a similar grip force for the experiments.
To test the functionality of the EAP skin stretch device, we first checked the absolute threshold for users to detect displacement, and compared it to other skin stretch devices that use small RC servos or DC motors. A simple up-down staircase method was used to obtain the detection threshold (X 50 ) [50] . The initial stimulus magnitude was chosen based on a pilot study, and was found to settle within the chosen number of reversals. Data were collected until the 12th reversal, and analyzed as described in [50] . Stimuli were given at random intervals to prevent users from predicting the timing. In operation, the skin stretch device's tactors moved with a predefined speed until they reached the target stimulus magnitude. They then dwelled for 2 seconds and returned to the initial position at 1/6 the speed. Thresholds were obtained for 0.25 N/s, 0.52 N/s, and 1.06 N/s. In all cases, the initial stimulus was 0.12 N.
The results summarized in Table 2 are consistent with prior research on skin stretch displays (e.g., [39] , [40] ), which report an absolute threshold that decreases as the speed of displacement increases. Reported force values can be converted to displacements using finger pad stiffness.
Robotic Membrane Detection
The robotic membrane detection test is described in more detail in [14] and summarized here briefly for comparison with the teleoperated paradigm in the next section. In the robotic test the needle was driven at a constant 6 mm/s into a tissue phantom with a membrane at a variable depth. Users were told to move the EAP device on a rail (Fig. 10 ) while holding the tactors, approximately following the predefined motion of the needle. In this scenario, the users are passive observers of the haptic stimuli and are asked to press a button when they feel a stimulus corresponding to membrane contact. The users (N = 10) were the same as in the threshold test in the previous section (7.1) and were trained through two example membrane punctures.
Successful membrane detection was defined as the user stopping the linear stage shortly after the needle contacted the membrane. The distance between the membrane and needle tip was measured with an encoder on the linear stage.
Results
Users (N = 10) successfully detected 98.9 percent of membranes over a total of 180 trials, with the needle stopping an average distance of 4.5 mm past the membrane (SD = 1.6 mm). Most of this distance was due to communication delays and inertia of the linear stage.
First, there is approximately 50 ms delay between the input signal and the start of EAP actuation. With the linear stage moving at 6 mm/s, the force ramps up at approximately 0.6 N/s. Given the threshold detection results, this corresponds to 117AE17 ms to reach the threshold force. Next is the reaction time of a user to press a switch, which has been reported as 367 ms [51] or as 325 AE84 ms [52] . The last step is the mechanical time constant of the stage, which requires approximately 333 ms after the button press to come to a complete stop. Thus, in total, approximately 850 ms of time delay may occur between membrane contact and needle stoppage.
This time delay corresponds to a 5.1 mm displacement of the stage. Since our measured result of 4.5 mm (SD = 1.6 mm) is comparable with the above calculation, we can conclude that the membrane puncture was detected successfully and promptly.
Teleoperated Membrane Detection
A second study explored a teleoperated scenario with users experienced in needle-based procedures. The subjects for the second study were individuals in the Stanford University Deptartment of Radiology with 1 to 30 years of experience in needle-based procedures. We tested 10 users but excluded one user's data due to a misinterpretation of the study's directions, leaving a total of 9 users.
In this scenario, users control the motion of the needle by pushing the haptic device along its linear rail. A microcontroller servos the linear stage to match the user's measured velocity, which may vary.
Needle tip forces are relayed via the haptic feedback device while the force sensing needle is inserted into the tissue phantoms described in Section 6.4. In this test, users were asked to stop moving the master when they detected that the needle tip had contacted a membrane within the tissue phantom.
User Training
We first familiarized the subjects with the skin stretch stimulus. Users placed their fingers on the two tactors of the EAP haptic device without moving along the linear rail. We then applied signals at random intervals to confirm that they could detect the stimulus.
To provide a sense of the tactile feedback of membrane puncture, we trained users as in the robotic paradigm to detect haptic stimuli as the needle was driven at a fixed speed of 2, 4, or 6 mm/s. We asked subjects to approximately follow the motion of the needle by pushing the haptic display along its linear rail (master side) and to respond to the haptic stimulus when they detected a membrane. The motivation for testing at three speeds is that the puncturing force increases faster at higher insertion speeds [53] , and the sensitivity to skin stretch also increases with speed [39] , [40] .
Experiment Procedure
We used a gelatin tissue phantom with a membrane located 2.5 cm from the top surface (described in Section 6.4). However, we started each test with the needle inserted a randomized distance of 0.5, 1, or 1.5 cm inside the phantom.
We asked users to push the master at a user-determined approximately constant speed (i.e., no sudden acceleration or deceleration) in the range of 2-6 mm/s. Users were asked to stop the motion as soon as they felt a haptic stimulus corresponding to the tip of the needle contacting the membrane.
Results
Users (N = 9) were able to detect the membrane successfully in 105 of 107 insertions (98.1 percent success rate). In 14 out of 105 successful membrane detections, users stopped the needle fast enough not to puncture the membrane. In the remaining 91 insertions, users successfully detected and punctured the membrane while decelerating the haptic device on the linear rail.
The needle fully stopped after 2.78 mm (SD = 1.66 mm) from the initial contact of the membrane. This distance includes the stretch of the membrane (2.44 mm, SD = 1.72 mm) and the distance the needle traveled after puncturing the membrane (0.34 mm, SD = 0.46 mm). The results are summarized in Table 3 .
To interpret the data it is useful to realize that membrane puncture can occur in two different ways. In the first case, illustrated in Fig. 16A , both the stylet and the outer cannula pass through the membrane with a corresponding rapid drop in the force. This produces a strong transient signal for the haptic device. In the second case, shown in Fig. 16B , only the stylet pierces the membrane. The force remains roughly constant after increasing. Note that this sustained force will continue to be rendered by the haptic device and, because skin stretch stimulates slow-adapting as well as fast-adapting mechanoreceptors [54] , [55] , it will continue to provide a sensible stimulus to the user. To further interpret the results, we consider that needle insertion speed affects the peak force of a membrane puncture [53] . Accordingly, we are interested in whether the measured peak force varies with the needle insertion speed. In addition, we consider the correlations between insertion speed and the rate of change in the control input voltage of the HV circuit, as well as the distance the needle travels after contacting the membrane.
As seen in Fig. 17 , peak axial force from the needle increases with insertion speed, which is consistent with previously reported results. Within the small displacement range, the peak force is larger for faster insertion speeds because the corresponding force also increases more rapidly [53] . Perhaps not surprisingly, the stopping distance also increases with insertion speed, although the correlation is less strong. This is despite the fact that the commanded voltage to the haptic display and the haptic stimulus intensity also increase with insertion speed.
To interpret the data on stopping distance it is again useful to consider the effect of delays in the system. As in the robotic test, there is a 50 ms latency between a force measured at the needle tip and a high voltage command to the haptic display. In addition, there may be % 300 ms human reaction time, although the response may be faster when the stimulus occurs as a direct result of human motion. For an average insertion speed of 5.65 mm/s (SD = 2.65 mm/s), these delays suggest that the needle will stop approximately 2.4 mm past the membrane. Adding the membrane thickness, 0.6 mm to 2.4 mm, we estimate a detection-stop distance of 3 mm. This estimate aligns with our measured detection-stop distance of 2.8 mm.
USER STUDIES DISCUSSION
The results of the robotic test with naive users and the teleoperated test with users experienced in needle procedures are similar. In both cases the detection rate is very high (% 98 percent), indicating that users had no difficulty in detecting the stimulus.
The stopping distance, after accounting for communication latency and inertia in the system, is also similar (slightly under 3 mm). This result is perhaps less expected given the differences in conditions between the two experiments.
In the first experiment, users were responding to an autonomously driven needle, receiving a haptic "event cue" that was anticipated but after an uncertain interval. They had no difficulty recognizing the cue and pressing a button, with typical human response times. In the second experiment, users received the haptic stimulus as part of an afferent/efferent loop. Moreover, these were users with experience in manipulating needles and detecting the forces associated with contacting membranes. Indeed, a few of the experienced users did produce very low average forces (0.14 N in one case) and were able to detect the membrane without ever piercing it.
However, in the second experiment, users were free to chose their own preferred speed to guide the needle via the master device. They also applied more or less side load on the sliding rail, which could produce slightly more friction. Finally, in the second experiment, users stopped the needle by arresting the motion of a (slowly) moving hand, which is not the same as pressing a button. Given that the puncture force and the rate of ramp-up of the displayed force both depend on speed, it is not surprising that there was more subject-to-subject variability. One additional difference is that the phantom and membrane were somewhat different in the second experiment; in particular, the membrane could stretch up to 2.44 mm before puncture. We also observed two instances in the second test where users failed to detect the membrane contact event. The failure occurred during the corresponding user's first trial. The peak force, insertion speed, and force slope did not differ significantly from successful membrane detections. We speculate that the two cases of detection failure were caused by the initial learning curve associated with using a new device and could be remedied with additional training.
CONCLUSION AND FUTURE WORK
We present a new MR-compatible haptic display that functions by eliciting skin stretch in the proximal/distal direction when a user holds it between the thumb and index finger. The device is intended to display forces sensed at the tip of a tool, such as an instrumented biopsy needle, during MRguided interventions. Tests in a 3 T MR machine confirm that the device and its high voltage power supply do not significantly affect the signal/noise ratio of the MR image, even located near the head coil in an fMRI application; neither is performance of the device affected by the magnetic field.
We additionally present the results of two sets of user experiments. In the first case, users were asked to respond to the haptic stimulus they received as an instrumented needle was driven at fixed speed through a tissue phantom and into a plastic membrane. Users were able to respond reliably and accurately, arresting needle motion by pressing a button. In the second test, we recruited users with experience in needle manipulation to perform a single-axis teleoperated needle insertion. Users guided a master along a low-friction rail and received haptic stimuli from the device. A slave axis moved the needle through the phantom. Users were again able to detect membrane contact with very high reliability, although there was somewhat more subject-to-subject variability as users chose different speeds to propel the needle.
The results of these tests suggest that a haptic display that imparts lateral skin stretch using electroactive polymer actuators is a good candidate for MR-guided robotic and teleoperated interventions. It has the potential to provide physicians with an unprecedented capability: the ability to sense remote forces as though one's fingertips were located remotely at the tip of a tool inside the MR machine.
Extensions to the work will include integrating the display into a complete MR-compatible teleoperated system. Interestingly, given that skin stretch (unlike vibrational feedback) is inherently directional and can display static as well as dynamic forces, there is the ability to provide a multi-axis skin stretch feedback, perhaps using mechanisms such as those presented in other work [41] . Jung Hwa Bae received the BS degree in mechanical engineering from the Korea Advanced Institute of Science and Technology (KAIST), Daejeon, South Korea, in 2011, and the MS degree in mechanical engineering from Stanford University, Stanford, California, in 2013 where she is currently working toward the PhD degree in mechanical engineering. Her research interests include the design and development of force sensors and haptic devices for medical, automotive, and augmented reality applications. She is a student member of the IEEE.
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